Nitroakridin 3582 (NA) formed complexes with native deoxyribonucleic acid (DNA) and with transfer ribonucleic acid (tRNA) species from Escherichia coli. Spectrophotometric titrations of NA with these nucleic acids produced numerical results from which nonlinear adsorption isotherms were derived. These curves indicated the existence of more than one class of binding sites on the polymers to which NA was bound by more than one process. The stoichiometry of strong binding of NA to double helical DNA was in agreement with a conventional value (I ligand molecule per 4.2 component nucleotides) for complete intercalation binding. NA inhibited the DNA-dependent DNA polymerase I and RNA polymerase reactions, the first strongly and the second appreciably. These inhibitions corresponded to the extents to which NA inhibits DNA and RNA biosyntheses in vivo. Evidently, NA interferes with the template function of DNA. The drug also inhibited the polymerization of phenylalanine in a cell-free E. coli ribosome-polyuridylic acid [poly (U)] system. The effect paralleled an inhibition of the poly (U)-directed binding of phenylalanyl tRNA to ribosomes. Ethidium bromide acted similarly. The antimalarial drug, chloroquine, stimulated polyphenylalanine synthesis, apparently as a result of stimulating the poly (U)-directed binding of phenylalanyl tRNA to ribosomes.
In a preceding article (18) , we reported that the antimicrobial Nitroakridin 3582 (NA) was either bacteriostatic or bactericidal for Escherichia coli depending upon slight differences in drug concentration and that inhibition of bacterial growth by NA correlated with inhibition of deoxyribonucleic acid (DNA) biosynthesis; lesser extents of inhibition of ribonucleic acid (RNA) and protein biosynthesis correlated with each other. Many of the effects of NA were, thus, reminiscent of those produced by quinacrine (5), another antimicrobial acridine derivative.
Antimicrobial effects of aminoacridines (1) have been attributed to strong binding of these substances to DNA (5, 14) by intercalation (10) , and to the resulting interference with processes in which DNA serves as a template for its own replication or for the transcription of RNA (6, 8) .
Additionally, inhibition of amino acid polymerization in a cell-free mammalian system by pro- flavine has been ascribed to the ability of this aminoacridine to form complexes with transfer RNA (tRNA) species and, thereby, to interfere directly with protein synthesis (17) .
To relate our study of NA to general knowledge concerning the molecular pharmacology of antimicrobial acridines, we have studied by optical methods the binding of NA to DNA, tRNA molecules, and synthetic polyribonucleotides. We have also found that NA inhibited the DNAdependent DNA polymerase I and RNA polymerase reactions as well as the polymerization of phenylalanine in a bacterial ribosome-polyuridylic acid [poly (U)] system. Effects of ethidium bromide and of chloroquine on reactions in the cell-free poly (U) system were investigated for comparison. Some of the results presented have been the subject of a preliminary communication (A. D. Wolfe RESULTS Binding of NA to nucleic acids. The absorption spectrum of NA between 220 and 500 nm is shown in Fig. 1 . At the maximum at 325 nm with an estimated molar extinction coefficient, E2"' = 1.4 x 10', spectrophotometric titrations of the drug with tRNA of E. coli were carried out. The titration results satisfied the criteria established for the interactions of aminoacridines with nucleic acids (3) and were transformed according to Scatchard (16) . The resulting adsorption isotherms for the binding of NA to DNA and to global tRNA are shown in Fig. 2 and 3 . The nonlinearity of these plots indicates the existence of more than one class of binding sites for the drug on the polymers and of more than one process by which the drug was bound.
From the segment of Fig. 2 with low values of r, we derived by extrapolation (16) nucleotides is the theoretical value for complete intercalation into duplex DNA (4), first measured for proflavine (14) . By extrapolation of the segment with high values of r, we derived a stoichiometry of one molecule of NA bound per approximately three nucleotides with k = 2 x 106 M-1. In the analogous manner we derived for the stronger binding of NA to tRNA species (Fig. 3) a stoichiometry of I drug molecule per 6.6 nucleotides. This number is an average for the entire tRNA population of E. coli whose individual members may differ with respect to the extent to which they contain hydrogen-bonded duplex regions, but, nonetheless, the stoichiometry of NA's strong binding suggests that considerable intercalation into extensive duplex regions is possible.
The single-stranded synthetic polyribonucleotides poly (G), poly (A), and poly (U) also changed the absorption of NA at 325 nm; this effect is shown in Fig. 4 for poly (U), poly (A), and poly (G); the effect of poly (C) (not shown) resembled that of poly (U). Whereas the spectra shown in Fig. 4 Fig. 7 . A slight stimulation of the reacin the presence of polyuridylic acid, polyadenylic acid, tion at a low acridine concentration has preor polyguanylic acid, and in the absence of polyribo-viously been observed in one of our laboratories nucleotides. Nitroakridin was present at 3.3 x 10-5 M for quinacrine (6) . Apparently, the RNA polymand the polynucleotides were at 3.1 x 10-4 M constit-erase reaction was less sensitive to NA than the uent nucleotides. Solvent: 5 x 10-2 M Tris-hydro-DNA polymerase reaction. This not only paralchloride, pH 7.2. lels the findings on the susceptibility of DNA and RNA biosynthesis in vivo to NA (18) but has also been encountered with quinacrine (6), proflavine (8) , and chloroquine (6) in vitro.
Effects of NA on polyphenylalanine synthesis in vitro. The biosynthesis of protein is inhibited in vivo by NA to the same extent as the biosynthesis of RNA (18); this result has been interpreted as a primary inhibition of RNA transcription and a consequent failure of protein synthesis owing to cellular depletion with respect to messenger RNA (18) . However, the finding that the acridine, proflavine, can act directly upon in vitro model reactions of protein synthesis under conditions in which an adequate supply of messenger is provided (17) suggested to us the possibility that NA might also act directly on such reactions.
NA inhibited the polymerization of phenylalanine in a bacterial ribosome poly (U) system adapted (19) from the original amino acid polymerization system of Nirenberg and Matthaei (13) . Figure 8 shows the extent of this inhibition as a function of the concentration of NA. The effects of ethidium and of chloroquine on phenylalanine polymerization are shown for comparison. Ethidium bromide was distinctly more potent than NA in inhibiting the formation of polyphenylalanine, but chloroquine, surprisingly, stimulated this formation. Although NA at 6 x 10-5 M inhibits protein biosynthesis in E. coli by 50% (18) , an approximately 10 times higher concentration of NA was required to inhibit polyphenylalanine synthesis to the same extent in vitro (Fig. 8) in a system derived from E. coli.
Individual reactions on the pathway to phenylalanine polymerization were tested for their susceptibility to NA. The first step in protein biosynthesis and in amino acid polymerization in cell-free ribosome systems is the synthesis of aminoacyl tRNA species. Figure 9 shows the effect of NA on the in vitro synthesis of phenylalanyl tRNA as a function of drug concentration. NA inhibited this reaction only weakly; chloroquine did so to an even lesser extent, whereas ethidium bromide inhibited it more strongly. However, at a concentration of 4 x 10-M, ethidium inhibited the synthesis of phenylalanyl tRNA by only 18% (Fig. 9) , whereas the polymerization of phenylalanine was inhibited completely by the same concentration (Fig. 8) . For none of the three drugs tested do the effects on the synthesis of phenylalanyl tRNA explain their effects on the polymerization of phenylalanine. One key step in the pathway to phenylalanine polymerization is the formation of a complex of phenylalanyl tRNA and poly (U)-encoded ribosomes, i.e., the codon-directed binding of aminoacyl tRNA to the ribosome in preparation for peptide bond formation. This reaction step can be assayed directly (12) . Experiments testing the influence of graded concentrations of NA or chloroquine on this complex formation were carried out with results shown in Fig. 10 . The inhibition of the formation of the 14C-phenylalanyltRNA-ribosome complex by NA as well as the stimulation of this complex formation by chloro- (Fig. 8) . Figure 4 shows that poly (U) caused a slight change in the absorption spectrum of NA, indicating that the drug molecule interacted with the polymer. Binding of NA to poly (U) could have potentially interfered with the messenger function of this polymer; such an effect might account for the observed inhibition of phenylalanine polymerization (Fig. 8) as well as of the poly (U)-directed ribosomal binding of phenylalanyl tRNA (Fig. 10) .
DISCUSSION
The present work has shown that NA 3582, like other antimicrobial acridines (3, 4, 6, 9, 10, 14) , forms a complex with DNA and inhibits, like some of these compounds (6, 8) , the DNAdependent DNA polymerase I reaction strongly and the RNA polymerase reaction appreciably. The effects of chloroquine on the formation of polyphenylalanine and on individual reactions on the pathway to this polymer formation are surprising and noteworthy. The stimulation of polyphenylalanine synthesis by chloroquine was observed in numerous experiments and is quantitatively reproducible. In contrast to the synthesis of tryptophanyl tRNA which can be stimulated by chloroquine (11) , the charging of tRNAPhe with phenylalanine was not stimulated but weakly inhibited by chloroquine. Clearly, the stimulation of polyphenylalanine synthesis by the drug was not a result of an increased supply with free phenylalanyl tRNA. Chloroquine, however, increased the poly (U)-directed binding of phenylalanyl tRNA to ribosomes.
If a similar stimulation would also be produced by chloroquine in a complete dynamic reaction system which polymerizes phenylalanine, it would explain our observation of a stimulation of polyphenylalanine polymerization by chloroquine. We do not consider the stimulation by chloroquine of the synthesis of tryptophanyl tRNA (11) or of phenylalanine polymerization which we have discovered to be of wider significance for the mode of action of the drug; in those instances in which the effect of chloroquine on protein biosynthesis has been investigated, no stimulation but moderate inhibitions were reported (7, 15) .
As to NA, the principal object of our studies, the observations which we report are typical for antimicrobial aminoacridines (3, 5, 6, 8, 9, 14, 17) . The principal mode of action of NA is one of inhibiting DNA (and to a lesser extent) and RNA synthesis by acting as a DNA template poison. Additionally, NA inhibits protein synthesis, probably by inhibiting the messenger-directed binding of aminoacyl tRNA to ribosomes. Since NA binds to all categories of bacterial nucleic acids which we have tested, it is worthy of considerations that it exercises a corresponding variety of effects on the functions of such nucleic acids in vivo. For example, we have observed (unpublished data) that NA causes a disassemblage of bacterial ribosomes in vitro at their thermal stability limit and ascribe this effect to an interaction of NA with ribosomal RNA species.
